Reflection second harmonic generation experiments were performed on z-cut congruent lithium niobate crystals ( 3 LiNbO ) to reveal the interfacial layer symmetry as the crystal is rotated around the z-axis. To suppress the bulk contribution, the fundamental wavelength was selected to be 532 nm resulting in second harmonic generation at a wavelength within the absorption region of the crystal. The polarity of the direction of the y-axis was determined from second harmonic generation data and used to show that this direction also inverts during domain inversion. PACS numbers(s): 42.65. Ky, 42.70.Mp, 77.84.Dy 
INTRODUCTION
Within the electric dipole approximation, second harmonic generation (SHG) is forbidden in centrosymmetric media 1 , however, at the surface it becomes allowed due to the relaxation of the inversion symmetry. Reflection SHG (RSHG) has been one of the major tools for selective surface studies for a wide range of material interfaces and surfaces. 2 Surface studies such as symmetry determination using SHG are normally achieved, for example, by measuring SHG signals with a well defined input and output beam geometry, while rotating the sample around the axis normal to the surface. This is feasible since the irreducible components of the second order susceptibility ) ( the bulk and will not contribute to the observed reflected signal. This layer is, however, thicker than what can be considered as the surface (few tenths of atomic layers) and therefore it is called an interfacial layer. The difference between this layer and the surface is that its optical properties are similar to that of the bulk while in general they differ from that of the surface. Thus the observed RSHG will include signal from both the surface and the interfacial layer. We show in this paper nterfacial layer symmetry studies on a z-cut congruent 3 LiNbO crystal using the RSHG technique.
Below the Curie temperature, the combination of several properties of 3 LiNbO such as ferroelectricity, high nonlinearity and high optical damage threshold has lead to the use of this crystal in many technological applications such as quasi phase-matching (QPM). With ferroelectric materials, QPM devices are made by periodic reversal of the spontaneous polarization (P s ). For ). In this paper we will also illustrate, as a special case, the use of RSHG to detect the reversal of the y-axis ( y y − ⇔ + ) that accompanies the reversal of the spontaneous polarisation along the z-axis. Below, we outline firstly the relation between the second order polarization and hence SH signal to the symmetry of the crystal by considering the transformation of the non-vanishing components ) 2 ( χ as the sample is rotated around the axis normal to the surface.
THEORY
Using a three layer model for the RSHG, the interfacial layer is taken as a middle layer with a finite thickness (d) between the top medium (air in this case) and the bulk material. d is taken to be very small compared to the wavelength of the light used. 6 Since in this paper the very short absorption length of 3 LiNbO is used to limit the SHG bulk contribution, all ) 2 ( χ tensor coefficients are complex and the Kleinman conjecture7 does not hold. To use the RSHG for interfacial layer symmetry determination, the components of the ) 2 ( χ tensor within the crystal are transformed to the laboratory-fixed axes system and below we summarise this transformation for a material with a 3m symmetry.
Let (I,J,K) and (i,j,k) denote the laboratory-fixed axes and the crystal-fixed axes respectively.
Both axes systems are Cartesian and have principle axes given as (X,Y,Z) for the laboratoryfixed axes and (x,y,z) for the crystal-fixed axes where the Z-axis and z-axis (c-axis) remain parallel as shown by Figure 1 . As the sample is rotated, the components of the interfacial layer second harmonic polarization are related to the components of the inducing fields within the medium by a second-order laboratory-defined susceptibility tensor ) ( 
In equation (2) , Ii R is the element of the rotation matrix containing the directional cosines between the laboratory-fixed and crystal-fixed axes. For a 3m symmetry, the components of the laboratory-fixed second harmonic polarization as a function of the azimuthal angle ) (ϕ , deduced from equation (2) can be written as Figure 1 , the Y-axis is taken to be normal to the plane of incidence (XZ plane).
We use γ and Γ to denote the polarization angles of the input fundamental and output second harmonic beams, respectively. These angles are measured relative to the plane of incidence, where for example, ) ( ,
denotes the plane of polarization of the incident (harmonic) beam to be perpendicular (parallel) to the plane of incidence. We further abbreviate this polarisation notation for both the input and the output polarizations as s for (γ or Γ = s), and p for (γ or Γ = p).
Using equation (3) in the results of Bloembergen and Pershan for the case where the fundamental wavelength is much greater than d, 11 the equations for the second harmonic field for media belonging to a 3m symmetry are generated for a given polarization, (input, output)
as:
where In these equations, Fresnel factors within the middle layer. 11, 12 The values of these factors, which are in general complex, are not important for this paper and therefore they will remain masked within constants in equation (4) (5) (6) . Equations (4-6) can be generalised in a form which distinguishes the contribution of rotationally isotropic terms ) (B and rotationally anisotropic terms ) ( A as
B is a linear combination of the isotropic components of the
, A is proportional to the anisotropic susceptibility yyy χ and ) (ϕ K denotes the sine and/or cosine variation of the azimuthal angle in equations (4-6).
The effect of the magnitude of B relative to that of A on the azimuthal variation of the SHG signal is known to affect the relative amplitudes and the number of peaks of the observed SHG signal as a function of the azimuthal angle due to the interaction between these terms 13 .
With B dominating, a 3-fold symmetry is expected from the SHG curves with a non-zero signal over the full azimuthal rotation. Reduction of B should result in additional peaks appearing until the full six-fold symmetry is observed when B is zero. The contribution of the A and B terms is easily controlled by the choice of the input and output polarisation angle.
From equation (3), it can be seen that for s Γ = , B is zero for any value of γ hence the only term that should contributes to the observed SH signal is A , and hence, for s s, (see equation (6)) a full six-fold symmetrical SHG curve is expected.
EXPERIMENTAL
A 532 nm Q-switched Nd:YAG frequency-doubled laser (20 Hz repetition rate, 10 ns pulse width, pulse energy of 2 mJ, Continuum, Minilite ) was used as the input beam. Figure 2 shows a schematic of the experimental set-up used for the rotation anisotropy measurements. output paths of the beam was fixed on two separate movable arms which allowed variation of both the incidence and the reflection angles. The SHG signal was passed through a UV Rochon polarizer (PBS2) p or s polarization selction. An iris diaphram, A1, was placed after this polariser to block any diverted light. The signal was subsequently focused on the slit of a monochromator set to allow transmission of only 266 nm which was detected by the photomultiplier (PMT). After feeding the signal from the PMT into a preamplifier, the amplified signal and that from the PD were fed into a gate integrator before both were synchronously acquired and analyzed using a data acquisition unit (DAQ) and a personal computer (PC), triggered by the Q-switch signal from the laser.
The crystals used had a slab geometry for which both z face surfaces were parallel. Due to the small thickness (500 µm) and the spot size of the beam, multiple reflections occur between the two z-faces which results in a higher SHG signal being generated. The fundamental beam reflected from the bottom surface thereby generated a secondary SHG signal from the last few atomic layers as it emerged from the top surface. Due to multiple reflections, this contribution from the secondary SHG signal was larger than the primary SHG signal, as observed via RSHG. This secondary SH signal was minimised by roughening the bottom surface of the crystal with 600 grit sandpaper.
RESULTS AND DISCUSSIONS
A. Use of RSHG to reveal the symmetry of the interfacial layer of a z-cut LiNbO 3 crystal Table I summarizes the rotation anisotropy results on a z-cut LiNbO , 14 the three equivalent y-axes lie along these mirror planes.
With the mirror plane found in Figure 3 , the y-axes locations are determined to an accuracy limited by the azimuthal angle steps chosen. Jung et al. 9 have proposed and used al. 10 The phase difference in this case accounts for the different phase contributions between the ) 2 ( χ tensor components in the isotropic and the anisotropic terms in the observed SH signal. For s s, the full six-fold symmetry is observed since only an anisotropic term is contributing in this case.
On fitting the curves, ϕ in equations (4-6) was replaced by 0 ϕ ϕ + with 0 ϕ denoting the offset between the laboratory-fixed axis and the crystal-fixed axis as it was not possible to position the sample on the stage with the required degree of precision. From the curve fitting procedure however, the location of the x and y-axes are thereby determined with the prior knowledge only of the optical axis. Table II LiNbO , the cationic order reverses which also reverses the ordering along the y-axis as shown in Figure 6 (e). It is these latter changes along the y-axis that we wish to investigate here via RSHG.
The reversal of P s and hence the reversal of the z-axis within as 3 LiNbO as shown in Figure 6 (a). In this figure, the x-axis is not explicitly shown since any effects on it upon inversion or rotation by 180 o around any axes (C 2 ( axis of rotation)) will be masked by the mirror plane that exists along the yz plane. Therefore, inversion of all three (x, y, z) crystal axes can also be achieved by C 2 (x) on Figure 6 (a). From Figure 6 (a), the reversal of the z-axis can be achieved in several ways, either by rotating the crystal C 2 (y),
as shown in Figure 6 (b) , or by inversion of the whole crystal relative to the laboratory-fixed axes as shown in Figure 6 (c). All these operations result in the reversal of the z-axis
) but as shown in Figure 6 The information about the polarity of the y-axes cannot be determined from the s s, curves, which shows the location of the mirror planes and hence of the y-axis with respect to the incidence plane by the minimum SHG signal, and therefore other polarization combinations must be used. With Γ = p, the interaction between the rotationally isotropic and anisotropic components of the ) 2 ( χ tensor should reveal the polarity of the crystalline y-and z-axes relative to the input and output geometry. For p s, shown in Figure 5 , the location of the global and local maxima coincide with the minima for s s, and hence yield information about the polarity of the y direction.
The relationship between the sign of the y and z axes with respect to the plane of incidence was investigated using rotation anisotropy RSHG experiments on a virgin 3 LiNbO sample with known crystalline axes and polarities. Though the three y-axes are identical, they will contribute to the observed SHG anisotropy at different azimuthal angles. We therefore argue below from the SHG results, that it is crucial to label these three equivalent y-axes in order to detect any polarity changes after z-axis inversion. During the experiment, the positions of the y-axes were known for any azimuthal angle. Table III shows the summary of the results on both faces of the virgin It is clear from the labelled y-axes in Figure 8 (a) and the summary in Table III that rotating the crystal clockwise while probing the z − face will results in the same SHG curve, Figure 9 (b), as the one in Figure 7 (b) where the experiments were performed on the + z face. 
CONCLUSIONS
RSHG experiments were used to reveal the interfacial layer symmetry and determine the crystallographic axes of a z-cut congruent lithium niobate crystal. The high UV absorption within this material has been used effectively to limit the generation of the SHG signal to the interfacial layer and hence extending the use of RSHG to the non-centrosymmetric materials.
Based on the absorption depth of the medium, careful choice of the fundamental wavelength and hence variation of the interfacial layer thickness should result in the approach used in this paper being sensitive to a monolayer. As a special case, RSHG was also used to detect the reversal of the y-axis caused by the domain inversion along the z-axis. This effect is made possible by the interaction between the isotropic and anisotropic second-order susceptibilities and hence it is dependent on the input and output polarization angles. 
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